Long-term allograft survival generally requires lifelong immunosuppression (IS). Rarely, recipients display spontaneous ''operational tolerance'' with stable graft function in the absence of IS. The lack of biological markers of this phenomenon precludes identification of potentially tolerant patients in which IS could be tapered and hinders the development of new tolerance-inducing strategies. The objective of this study was to identify minimally invasive blood biomarkers for operational tolerance and use these biomarkers to determine the frequency of this state in immunosuppressed patients with stable graft function. Blood gene expression profiles from 75 renal-transplant patient cohorts (operational tolerance/acute and chronic rejection/stable graft function on IS) and 16 healthy individuals were analyzed. A subset of samples was used for microarray analysis where three-class comparison of the different groups of patients identified a ''tolerant footprint'' of 49 genes. These biomarkers were applied for prediction of operational tolerance by microarray and real-time PCR in independent test groups. Thirty-three of 49 genes correctly segregated tolerance and chronic rejection phenotypes with 99% and 86% specificity. The signature is shared with 1 of 12 and 5 of 10 stable patients on triple IS and low-dose steroid monotherapy, respectively. The gene signature suggests a pattern of reduced costimulatory signaling, immune quiescence, apoptosis, and memory T cell responses. This study identifies in the blood of kidney recipients a set of genes associated with operational tolerance that may have utility as a minimally invasive monitoring tool for guiding IS titration. Further validation of this tool for safe IS minimization in prospective clinical trials is warranted.
D
espite continuous improvement in renal allograft survival over the last decade, the half-life of renal allografts has increased marginally because of accrual of chronic graft nephropathy from drug-related nephrotoxicity and chronic rejection (1, 2) . Patients facing life-long immunosuppression (IS) have increased risk of infection and malignancy (3), whereas insufficient immunosuppressive drug exposure or interruption usually increases rejection risk (4) . However, spontaneous and long-term graft acceptance is observed in a small number of patients after solid-organ transplantation (5, 6) , years after total withdrawal of immunosuppressive drugs, confirming that a clinical operational state of tolerance to a mismatched graft, described as ''a state of quiescence of the transplanted organ, functioning without a destructive immune response'' (7), can indeed occur and exist in humans. However, the frequency of this observation in the kidney transplant population is unknown and, currently, we cannot identify patients primed to develop this immune adaptation or monitor for the stability of this status of ''operational tolerance.' ' The operationally tolerant kidney transplant patients in this study have been previously described (8) and show an altered T cellreceptor repertoire (9) and distinct lymphocyte phenotypes (10) . However, none of these observations have been validated as being functionally involved in operational tolerance in humans.
The identification of biomarkers of drug-free operational tolerance in graft recipients is an important and challenging issue allowing for individualized therapy and personalized safe IS minimization (11) . In the present study, we studied a cohort of 17 highly informative kidney-transplanted patients presenting clinical operational tolerance years after complete IS withdrawal with the aim of identifying reliable minimally invasive biomarkers diagnostic of clinical operational tolerance in kidney transplantation.
Gene-expression patterns from peripheral blood samples, examined across 91 adults represented by normal adults and five cohorts of renal-transplant recipients in different clinical contexts, identified a minimal set of 49 genes, differentially expressed gene transcripts in drug-free tolerant patients when compared with other patients, with tolerance class prediction scores of Ͼ90%. Quantitative RT-PCR across a subset of 33 of these 49 genes can accurately confirm tolerance in an independent-validation group of tolerant patients with a specificity of 99%. Additionally, 1 of 12 stable patients on standard maintenance immunotherapy and 5 of 10 minimally immunosuppressed patients on steroid monotherapy have tolerance class-prediction scores of Ͼ80%.
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The authors declare no conflict of interest. Two-class prediction tests using the predictive analysis of microarrays (PAM) class prediction tool (12) was applied between TOL and CR (Fig. 1A) and TOL and N (Fig. 1B) . Additional microarrays were next performed on six independent blinded TOL-Test patients (TT1-TT6) but were not used to train the class-prediction algorithm. All patients in the TOL-Test group have tolerance scores of Ͼ80% with the exception of patient TT4, showing a strong similarity between the TOL and TOL-Test samples (Fig. 1B) . PAM three-class prediction was next applied across TOL, CR, and N blood samples and identified a minimal gene set of 49 unique genes. The expression of these genes distinguishes all N controls and CR patients from tolerance and classifies most tolerant patients accurately. None of the CR or N controls score as tolerant in this analysis, although 10 of 11 TOL patients do (fit-to-phenotype scores A cross-validated comparison of a training set of 5 TOL, 11 CR, and 8 N blood samples by using three-class prediction identifies a subset of 49 known unique genes (59 transcripts). In the training set, class prediction scores for the CR (blue bars) and N (yellow bars) groups are weaker in three-class over two-class analysis. For the tolerance phenotype (green bars), consistently weak class prediction is seen for T5 by three-class analysis, as also seen by two-class analysis, but Ͼ90% tolerance prediction scores come up for most of the TOL and TOL-Test samples. Given the strength of this gene set for tolerance prediction, MIS and STA (S1-12) patients were also typed by PAM for their best fit to TOL, N, or CR class. Patients MIS1, MIS3, MIS4, MIS6, MIS8, and STA9 had very strong expression signatures that match operational tolerance. (D Right) Venn diagram of statistically significant genes (q Ͻ 0.05%) by SAM for all patient groups, relative to chronic rejection, using two-class comparison with CR (n ϭ 11) as the reference group. More genes distinguish CR from TOL (n ϭ 893) and AR (n ϭ 982) than either MIS (n ϭ 297) or N (n ϭ 249). (D Left) Relative expression of the top 100 transcripts discriminating AR, CR, N, and TOL patients by PAM four-class analysis. The majority of these transcripts are expressed in highest abundance in TOL and lowest abundance in CR, suggesting that these two patient groups are the most distinct. A dendrogram of the relatedness of all patient samples across 11 K genes is shown in SI Fig. 3 . of Ͼ90%; T5 scored Ϸ50%; Fig. 1C ). These 49 genes have been designated the tolerance footprint [supporting information (SI) Table 2 ]. Patient T6 classified with highest similarity to CR. Thus, the tolerance footprint has a specificity of 100% and a sensitivity of 90% in the training set samples and the test-set of TOL samples. Given the strength of this 49-gene set for tolerance prediction, microarray experiments were performed on all minimal IS [MIS (steroid monotherapy)] patients (n ϭ 10) and long-term stable test-group (STA) (n ϭ 12) patients, and PAM class prediction of tolerance was applied by using these 49 genes. A surprisingly high (50%; 5 of 10 patients) number of MIS patients as well as 1 of 12 (Ϸ8%) STA patients ( Fig. 1C ) matched tolerance prediction scores of Ͼ90%, highlighting the potential detection of operational tolerance in patients on weaning (one drug) and maintenance (three drugs) IS. Global expression variance across these data, when compared with published peripheral blood data sets (13) (14) (15) , shows that operational tolerance state is not just a paradigm shift toward a normal resting state (SI Fig. 2 ).
''Minimal Tolerance Footprint'' Predictive of a Potential Tolerant State in Transplant Patients by Using RT-PCR.
Quantitative RT-PCR for the 49 genes from the tolerance microarray data set and hypoxanthine guanine phosphoribosyl transferase were performed in triplicate on RNA extracted from the peripheral blood mononuclear cells of six independent TOL-Test patients (TT7-TT12) and six independent CR-Test patients (CT6-CT11), none of whom were included in microarray analysis (Table 1 and SI Table 3 ), and seven stable transplant patients randomly chosen among the 12 STA patients (S2, S3, S7, S8, S9, S10, and S12). Gene candidates described in the literature as being associated with tolerance [FOXP3 (16) , GITR (17) , and Neuropilin-1 (18)] were also tested. Increased expression of FOXP3 (P ϭ 0.009) in TOL relative to CR was confirmed. Expression of neuropilin-1 and GITR was Ϸ2-and Ϸ8-fold greater, respectively, in TOL vs. CR, although statistical significance was not reached (data not shown). Many individual gene-expression measurements, from the 49-gene set, were statistically significant by PCR for the tolerance group when compared with the CR group (P Ͻ 0.001 for CCL20, TLE4, CDH2, PARVG, and SPON1; P Ͻ 0.006 for RAB30, BTLA, and SMILE; P Ͻ 0.03 for SOX3, CHEK1, HBB, and DEPDC1; P ϭ 0.045 for CDC2) (SI Fig. 4A ). A composite model of 33 of 49 of the most-abundant PCR geneexpression measurements, used in a blind cross-validated PAM two-class analysis, correctly classified TT7-TT11 as tolerant and CT6-CT11 as CR, with a single misclassification (TT12 as CR) (SI Fig. 4B ). Interestingly, although TT12 fulfilled the full clinical description of operational tolerance 2 years before and at the time of harvesting (6 months after testing), decline in renal function was observed (creatinemia: 165 m per liter; proteinuria: 1g per day), with demonstration of anti-donor class II (anti-HLA DR4) antibodies. Given the small tolerant-sample size, it is difficult to speculate on the status of this patient, but this clinical picture suggests that the operational-tolerance gene-expression signature is likely a metastable rather than a permanent state. Composite PCR expression of the 33 genes was next used to classify seven STA posttransplant patients as TOL or CR. Consistent with the microarray-based classification, a single stable patient (S9; see Fig. 1C ) was predicted to share the TOL phenotype with a classification score of Ͼ99% (0.996) (SI Fig. 4C ). Thus, PCR-based blood expression of operational tolerance in renal-transplant recipients appears robust across a modest number of genes.
Global Unsupervised Gene Expression: Immunological Quiescence and
Cell Cycling Distinguish Tolerance. Unsupervised clustering across all 11,820 expressed genes on the lymphochip platform and all patient samples shows that the samples largely segregate by clinical phenotypes, with almost complete segregation of TOL or CR samples across a higher-stringency 2,986-gene list (SI Figs. 2 and 5A ). CR patients not under IS (indicated by outlined squares in SI Fig. 5A ) coclustered with other CR patients, suggesting that the rejection phenotype was stronger than the effect of treatment. Training-TOL and Test-TOL patients cluster together when combined into a single data set, confirming the homogeneity of the training and test groups.
Three gene clusters were identified to drive the segregation of the tolerant samples from CR and stable blood samples (SI Fig. 5A and SI Table 4 ). Overall, cluster I suggests reduced immune activation in clinical tolerant patients. Cluster II contains several significantly down-regulated signal transduction genes and RNA binding genes. Cluster III contains the discriminating up-regulated cell cycle regulator genes with a significant enrichment of genes expressed primarily during mitosis and in cellular energetic processes.
Biological Relevance of Tolerance Signature. To assess potential overlap among acute rejection (AR), chronic rejection (CR), and TOL expression signatures in peripheral blood, 14 blood samples collected from patients at the time of biopsy-proven AR (before treatment intensification) were also examined by microarrays. Statistical analysis of microarrays (SAM) identified 893 genes and 982 genes differentially expressed (q Ͻ 0.025) in tolerance when compared with CR (SI Fig. 5B ) and AR (SI Fig. 4C ), respectively. We observed a Ͻ4% overlap between differentially expressed genes in AR and TOL (Fig. 1D ) in this analysis. Furthermore, the abundance of several transcripts identified by using four-class discrimination of AR, CR, N, and TOL suggests that the greatest expression differences exist between the CR and TOL groups, regardless of IS usage in the former group (Fig. 1D) .
Hypergeometric gene-enrichment analysis shows that the majority of the differentially expressed genes expressed at higher levels in TOL show a strong bias toward cell-cycle regulation (19) (P ϭ 0.00038), T cell-specific expression (20) (P ϭ 0.006), with regulation during T cell suppression and costimulation experiments [T cell ␣-CD3/␣-CD28 in vitro costimulation with and without concurrent calcineurin inhibitor, Prograf (FK506) treatment, P ϭ 1 ϫ 10 Ϫ8 and P ϭ 0.00002 (21)]. In agreement with the Expression Analysis Systematic Explorer (EASE) analysis, clusters of chemokines and cell-adhesion molecules show reduced expression in TOL relative to CR, whereas several ribosomal protein genes, cell cycle and proliferation markers, and key transcription factors show increased expression. Additionally, Ϸ25% of the genes that differentiate TOL and CR on SAM two-class analysis overlap with the genes that differentiate TOL from N controls by similar analysis (SI Table 5 ).
TGF-␤ Plays a Role in Operational Tolerance. TGF-␤ is not differentially expressed between TOL and CR, and this is confirmed by the absence of difference at the protein level in the sera of traininggroup patients. Indeed, the TGF-␤1 serum levels of TOL patients (n ϭ 5) were 39.5 Ϯ 3.7 ng/ml compared with those of the CR patients (27 Ϯ 2 ng/ml; n ϭ 7) and were comparable to the levels observed in the normal healthy controls (n ϭ 8). Interestingly, however, we found that TGF-␤ regulates the function of 27% of the peripheral blood genes that differentiate tolerance from CR. These TGF-␤-regulated genes include latent TGF-␤ binding protein 4 (LTBP4) (2.6-fold), which functions to convert latent TGF-␤ protein into the active form; N-cadherin (CDH2) (5-fold), which is known to enhance the ability of TGF-␤ to induce cell-cycle arrest in the G 1 phase (22, 23) ; and CD9, a surface antigen initiating the TGF-␤ signaling pathway (24) that was expressed at Ϸ40% higher levels in tolerance. Additional TGF-␤-regulated genes include ␣-fetoprotein, natural killer cell group 7 (NKG7) (25) , connective tissue growth factor (CTGF), and fibronectin (FN1) (26) , which are gene markers for apoptosis, immune suppression, growth arrest, and the stress-response, respectively, and are also involved in early T and NK cell activation (27) .
Altered Immunological Circuits in Operational Tolerance.
A second important finding in this transcription profiling study was that known costimulatory genes were underexpressed in TOL patients compared with CRs (SAM analysis). This finding is cross-validated by a down-regulation of many other genes previously identified as being differentially expressed during independent T cell costimulation experiments in vitro (13) . Mirroring the costimulation response, we also observed an absence of up-regulation of genes generally associated with T cell activation. Indeed, classical markers for early and late T cell activation (CD69, TACTILE, LAG3, or SLAM), expression of cytotoxicity-associated genes such as granzyme, perforin, fas, and granulysin (28) , and genes characterizing proinflammatory Th1/Th2 responses (TNF␣, IL-4, and IL-10) were consistently reduced in TOL patients. Approximately 90% of known proinflammatory cytokines were reduced in TOL patients, supporting evidence for immune quiescence and ignorance of donor antigen (29, 30) . Interestingly, a modest enrichment (P ϭ 0.025) for genes identified in memory T cells (31) was seen in the expression signature from our TOL patients.
Analyses for Potential Clinical Confounders for Gene-Expression Mea-
surements. SAS multivariate analysis and SAM quantitative analysis were performed to test whether differences between the patient groups, such as type of medication, gender, and prior history of malignancy or CMV infection, could act as confounding factors on the gene-expression measurements. Age-related differences were observed for six genes: IL13RA2 (P ϭ 0.05), RAB30 (P ϭ 0.03), RASGRP1 (P ϭ 0.04), TACC2 (P ϭ 0.03), TBX3 (P ϭ 0.05), and TLE4 (P Ͻ 0.001). However, with the exception of the transcription factor TLE4 that was also found to correlate with renal function (as measured by serum creatinine levels; P ϭ 0.01), expression of the six genes correlates more tightly with tolerance than with age and remains significantly differentially expressed between the TOLphenotype patients and MIS, STA, and CR patients (P ϭ 0.0003, P Ͻ 0.0001, and P Ͻ 0.015, respectively), as observed by using a multiple linear regression model (P value of the model's global test: 0.0001; adjusted R 2 ϭ 0.47). Polymorphonuclear cell, lymphocyte, and monocyte counts were measured to test the hypothesis that cell population differences in the periphery may underlie the expression signature identified. No statistical difference in composition was found between the CR and TOL training groups (SI Table 6 ). Finally, no statistical correlation was found in the fold expression of 10 randomly chosen genes (TK1, PCP4, Serpina5, DHRS2, CCNB2, CYR61, CDH2, SLC38A6, PARVG, and AFP) and the cell counts (R 2 ϭ 0.04 Ϯ 0.06 for leucocytes, R 2 ϭ 0.14 Ϯ 0.07 for PNN, R 2 ϭ 0.006 Ϯ 0.007 for lymphocytes, and R 2 ϭ 0.18 Ϯ 0.12 for monocytes). These data, together with the fact that the tolerance phenotype was identified in most of the TOL-Test patients, reinforces the idea that operational tolerance is associated with a distinct and reproducible transcriptional pattern.
Discussion
Kidney transplantation remains the major treatment for end-stage renal diseases but is often complicated either by AR or CR or by side effects of the long-term IS. The molecular basis of these processes have been analyzed by gene-expression profiling in various studies focusing on AR (32, 33) and CR (34) demonstrating the potential of this approach to decipher complex pathological processes in human disease. Despite some empirical progress in IS minimization (3), reliable biological markers to identify operational tolerance in kidney transplantation do not exist. We have studied a rare immunosuppressive drug-free cohort of 17 TOL transplant patients from different continents, and these studies have validated a specific biomarker footprint of tolerance where peripheral tolerance is predicted with Ͼ99% fit-to-class scores in an independent set of immunosuppressive drug-free TOL patients as well as a subset of stable transplant patients on triple-(8% incidence) and single-drug (50% incidence) immunosuppressive therapy. With the exception of a modest number of genes showing age-associated variation in expression, no association with other potential confounding factors such as immunosuppressive drugs, gender, serum creatinine, and CMV or cancer history was observed. This finding lends credence to the fact that the identified gene signature is directly related to the state of tolerance. For the first time, we may be able to define the patients who could be eligible for a progressive decrease of their immunosuppressive medications and, more importantly, identify the patients who need to stay on their current IS dose.
We previously showed that the TOL patients studied are healthy, free of infection and malignancy, and do not display clinical evidence of immunoincompetency (8) . Nevertheless, the fact that the operational tolerance definition refers to a clinical status precludes a possible response of the recipient against his donor, and nothing proves that operational tolerance will be indefinite. Two patients (T6 and TT12) were predicted to resemble chronic rejection. However, their transcriptional profiles and class prediction scoring distinguish them from other TOL patients even before eventual decline in graft dysfunction. Furthermore, the loss of the peripheral signature for tolerance correlates clinically to a change in clinical phenotype from operational tolerance to rejection.
DNA microarrays, which allow detailed measurements of gene expression on an unprecedented global scale (35) , have been criticized for variability, lack of reproducibility, and difficult data management. Although more recent technical developments have largely circumvented these issues (36), they remain relevant to the present study because of the rarity of TOL kidney graft recipients and the multiplicity of mechanisms which have been shown to be involved in experimental tolerance models (37) . Therefore, several strategies were used to ascertain the robustness and reproducibility of the obtained gene expression profile. (i) Although still a relatively small study because of the extreme scarcity of spontaneous tolerance in kidney transplantation, all 17 patients with operational tolerance and the 74 reference samples were carefully phenotyped and age/gender-matched. As such, the analyses were performed on the largest cohort of TOL kidney graft recipients ever studied. (ii) Gene expression data were tested for potential confounding factors. (iii) Both CR and healthy volunteers were used as reference groups to ascertain that the obtained profile was specific for operational tolerance and not due to an absence of IS or the presence of good renal function. (iv) The gene expression was confirmed on RNA samples with an independent technique by using quantitative RT-PCR. (v) Finally, the peripheral blood-based expression profile was validated on independent samples both by microarrays and RT-PCR.
Although highly convenient for serial analysis in clinics, blood may not be the ideal tissue source for deciphering the underlying molecular mechanisms in graft acceptance. Nevertheless, changes in peripheral blood expression profile have been shown to correlate with biopsy-proven heart rejection (38) and may be useful in immunosuppressive management (39) . Moreover, regulatory lymphocytes from peripheral blood transfer long-term survival in a fully mismatched liver allograft rat model (40) , suggesting that regulatory mechanisms may be accessible in the periphery. Thus, despite the limitations inherent to peripheral blood sampling, several interesting observations emerge from this study. Although the mRNA levels of TGF-␤ were not substantially different between patient groups, this chemokine regulates the function of Ϸ27% of the genes that define the naturally acquired tolerance signature. TGF-␤ has been shown to be involved in various animal models of tolerance during both the induction (41) and maintenance phases (42) . It is also important for homeostasis of (43) and TGF-␤-producing Th3 (44) cells that are known to have suppressive activity. The exact mechanisms driving and maintaining spontaneous tolerance in these patients yet remains unclear; however, there are data emerging about the diverse roles of tissue and peripheral TGF-␤ in protective (43) and injurious (45) alloresponses. The finding of increased expression of certain molecular markers of regulatory T cells in TOL patients over CR patients suggests differences in T cell subsets between these two groups.
As we have previously shown, no evidence of immunoincompetency was observed among the TOL patients studied (8) . Peripheral down-regulation of costimulatory signals and Th1/Th2-related cytokines observed in this study thus suggests that these patients have a normal immune system with donor-specific hyporesponsiveness. FOXP3, as previously shown (46), GITR, and neuropilin were elevated by RT-PCR in the TOL and N controls when compared with CR patients, suggesting a role for an intact T cell regulation in tolerance and, conversely, its loss during CR. We have previously shown decreased numbers of regulatory CD4 ϩ CD25 ϩ T cells in the blood of CR patients compared with TOL patients and healthy individuals (46) . Phenotyping revealed also an increase of CD8 ϩ CD28
Ϫ cells with higher expression of perforin and granzyme A in CR patients compared with TOL patients and healthy individuals (10) . The combination of multiple immune-monitoring parameters such as the tolerance expression footprint identified in this study, T cell receptor repertoire alteration (9, 47) , changes in mononuclear cell phenotype (6, 10, 46) , or ex vivo inhibition of allospecific responses could increase the accuracy of identifying and predicting the tolerant phenotype.
In summary, we have identified a small biomarker panel using gene-expression profiling of peripheral blood from spontaneously tolerant renal-transplant recipients. The expression signature suggests that TGF-␤ might contribute to this process, possibly by regulating specific phenotypes of peripheral regulatory T cells or altering the threshold for T cell activation (48) . Large-scale clinical studies are now warranted to validate the utility of this tolerance footprint as a means to identify spontaneous clinical operational tolerance in long-term kidney recipients with stable graft function, to determine the timing of appearance of the observed tolerant footprint posttransplantation, and to test the stability of this profile over time. In this context, the present study provides a unique, tolerance-specific, clinical monitoring tool to screen a large cohort of stable patients under conventional IS and identify patients that could be subsequently randomized for progressive and controlled reduction in IS.
Materials and Methods
Patient Selection. Peripheral blood samples were collected from 75 adult renal-transplant patients (grouped into TOL, STA, AR, and CR; SI Table 2 ) and 16 N adult controls enrolled in this study at Nantes University (Nantes, France) and Stanford University (Palo Alto, CA). The protocol was approved by each of the university hospital ethical committees and institutional review boards, and required written informed consent was obtained. Samples were separated into Training-group and Test-group cohorts containing patient with different clinical phenotypes (see SI Tables 2 and 3) . Apart from tolerant patients for whom biopsy was refused by the patients and the relevant hospital ethical committees, all patients had biopsy-confirmed clinical phenotypes.
To generate informative biomarkers by microarray for operational tolerance, Training-group samples (n ϭ 24) were chosen from three clinical phenotypes.
1. Immunosuppressive drug-free TOL (n ϭ 5) patients with longterm stable graft function, without IS for at least 2 years (mean duration drug-free, 8.8 Ϯ 4.9 years). Stable graft function was defined as stable Cockcroft-calculated creatinine clearance Ͼ60 ml per min per 1.73 m 2 with absent or low-grade proteinuria (Ͻ1.5 g/day). Causes of IS withdrawal were medical necessity (calcineurin-inhibitor nephrotoxicity, n ϭ 1; posttransplant lymphoproliferative disease, n ϭ 1; complete remission from posttransplant lymphoproliferative disease 7 years before study) and patient treatment nonadherence (n ϭ 3). The clinical and biological characteristics of these patients have been described in detail previously (8) , and the most relevant demographic and clinical data of the entire population studied are summarized in SI Tables 2 and 3 . 2. CR patients (n ϭ 11). This group was defined according to clinical and histological criteria. All CR patients had a progressive degradation of their renal function (creatinine clearance of Ͻ60 ml per min per 1.73 m 2 and/or proteinuria of Ͼ1.5 g/day) and histological signs of vascular CR defined as endarteritis and allograft glomerulopathy with basement membrane duplication (49, 50) . Because CR patients differ from TOL patients by a ''maintenance'' IS, 4 of the 11 CR patients chosen had been on dialysis and off immunosuppressive treatment for 1.5 Ϯ 0.5 years and were intentionally enrolled to enable analysis of the confounding effect of treatment. Transplant renal biopsy showed Banff-classified chronic active humoral rejection with C4d deposition in three (undetermined for one) circulating anti-donor class II antibodies. A single patient (TT6; see SI Table 3 ) was without IS for 19 years with stable function before testing but, 6 months after sampling, was found to have proteinuria above the defined threshold (Ͼ1.5 g/day) and graft dysfunction. Because the patient refused a biopsy, he was not assigned to a specific group (labeled # in Fig. 1 ) and clusters with CR samples on microarray analysis of the sample, even many months before his graft dysfunction event. 3. N (n ϭ 8) were included as controls. They all had a normal blood formula and no infectious or other concomitant pathology for at least 6 months before the study.
To allow for validation of the discovered biomarkers for operational tolerance, an independent, blinded Test-group of samples (n ϭ 67) from six different posttransplant clinical phenotypes, including patients with AR and stable graft function, were examined by expression profiling (microarray and real-time PCR). Descriptions of these different test-group cohorts are as follows.
1. TOL-Test (n ϭ 12). All new patients shared the same clinical and pathological criteria as described above. All stopped their IS for nonadherence reasons. 2. MIS (n ϭ 10). Patients with stable graft function on steroid monotherapy (Ͻ10 mg/day) for 4.6 Ϯ 2.6 years. Calcineurin inhibitors and CellCept were removed in these patients because of previous posttransplant lymphoproliferative disease (n ϭ 6), cancer (n ϭ 2), or uncontrolled infectious disease (n ϭ 2). 3. STA (n ϭ 12). Patients with stable kidney graft function at Ͼ5 years posttransplantation while under mycophenolate mofetil or azathioprine and maintenance steroids with (n ϭ 5) or without (n ϭ 7) an associated calcineurin inhibitor. 4. AR-Test (n ϭ 14). Patients experiencing rapid decline (Ͼ20% from baseline) in graft function and biopsy-proven AR (51).
5. CR-Test (n ϭ 11). This group had biopsy-proven chronic rejection with deteriorating graft function and proteinuria. 6. N (n ϭ 8). These subjects all had normal blood formulae and no infectious or other concomitant pathology for at least 6 months before the study. To limit the number of array experiments, this group was used for RT-PCR validation only. Detailed demographic and clinical data for all of these patients are shown in SI Tables 2 and 3 . For details on microarray experiments, ELISA for TGF-␤, and real-time PCR, please see SI Methods. Raw gene-expression files are available as SI Raw Data.
Statistics. Wilcoxon rank sum test, logistic regression, and Pearson's correlation test (expressed as R 2 ) were run on the clinical data. SAS multivariate analysis and SAM quantitative analysis were performed to test whether clinical differences between the patient groups, such as type of medication, gender, prior history of malignancy, or CMV infection, could act as confounding factors on the gene-expression measurements assessed as group-specific. Hypergeometric enrichment analysis was run on gene-expression data by using published gene-expression data lists. Cluster (52) , Expression
